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METHOD OP CRLISRJkTIN© A'-SCMpfHK?^ SteSSJ^ML 

' '::•>: 

The present invention relates to a inefhod "-of ^ 
calibrating a scanning system.' A 'scanning ; system in, 
5 this specification should be unde'rstodd ;to mean a 

combination of a machine and a prob£ which • together are 
capable of use in scanning an o,bj'eci in. pr^er^o obtain 
information about its size/ shape or Surface .contours . 

< i • 

10 The machine may be, for example*, a co-jo^dfnAte 1 

measuring machine (CMM) „ machine tool '^ofe^t etc, and 
the probe is a measuring probe with 'a ;warkpiee&- 
contacting stylus. One type of maichino !m6asurin3 
devices for measuring the movement of 'th'e .macliine parts 

15 in three nominally orthogona'l ciirections • tYref eqpred to 
as X,Y and Z axes), and one type bf probte includes 
measuring transducers for 'producing fouEtpJti^s indicative 
of the displacement of the tip' of -the Stylus relative 
to the probe in three nominally- orthogonal -ciiirections 

20 {referred to as 'the a,b r and c\ ^&s) t f Although the 

term Analogue probe' is used, the outputs if or the a,b 
and a axes may be either ana Jogue' or digital * . 

* • » * 

In known systems, measurement errors . are' c^dsqd by 
25 unwanted deflections of the probe/ roach irie; .structure 
and workpiece. Errors due to bending p£ the probe 
stylus are the same throughout the. macjfrihe : ViOlt?me and 
may be compensated for by probe c&iilbrat'ioh 'Errors 
due to deflections in the machine stiru^cturle jmay be 
30 caused, for example, by the machine *qua 11 bending and 
the machine bridge twisting and vary -throughout the ' 
machine volume. These errors increase^, for 'example, 
with, increasing cantilevers, Errors in tbte, object to 
be measured may be caused by object >def lectid.n during 



measurement as a result of fortae py the [probe . ! 

• • \ 

Parts of the working volume of the machirie \ifiay« be 

calibrated for measurement errtors by'u&ing.a' 

calibration artefact such as a ca'librat fori sphere. 

However usually the calibration axtef act^ . cannot be 

•located at the same position irt the. maQhirte'<s* working 

volume as the part to be measured and is .instead 

located to one side. The measurement 'errors , determined 

at the calibration artefact -will .thus be different to 

' ' * i i « ' * ■ 
those on the part - : . ' ' : , ' 

Methods of correcting machines for acceleration induced 
errors are Jcfrown* One example- of such a( :metho<£ is 
described in European Patent No. *3lfi557' ; .. In t^iis 
method a first article from ,a batch ! o£ ,ribaLLnaliy 
identical articles is measured kt : a.'reljat^vely slow 
speedy noting the measurements of the positions of a 
'number of datum points on thje article;;., ;The ^measurement 
operation is repeated at a relatively *£$&t .speed noting, 
the measurements of the positions* of . the % s.^e datum 
points, toy difference in the measurements ^re noted 
as errors in a. correction table. ; , ' : 1 , ' • 

• . 1 • • ' ' • ! ' 1 1 ■ 

Thereafter all of the articles are measured *<it .the 

relatively fast ,speed talcing, measurements ,q£ the 

positions of corresponding points, on each article, and 

these measurements are corrected f or , machine ' • 

accelerations using the previously noted errors, 

K \ ■ \ * 
* • * * i 

' bit 
bother method of correcting, errors "is, disclosed in 

WD00/62015. in this method a stylus off *a prd$4 mounted 

on a- coordinate measuring machine, is ^risren ,irtto 

qontact with a surface of an 1 . object .'in a' direction 
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The object is then scanned at a* slo^ SjJefed 
pxedetermined stylus deflection. . The .difference at the 



normal to its surface until a' predetermined ^stylus 
deflection has been reached. ^ The-, machine then 
. reversed whilst simultaneously regarding 4 the outputs of 
the machine measuring devices ?md measuring , transducers 
5 of the probe* T.hls process is repeated ^for a ^ selection 
of datum points around the surface of [ttie object. The 
measurements for each datum points are epctr4p<?lated to 
determine the measurement which would 'have .been taken ' "'•j'*' 

when the probe deflection is zero. Th'ia extrapolated \ j 

10 value relates to when the probe is just ; irr ' contact with " 
the surface. • , \ 1 • ' , ■' •;»'/*. -*? 



4 r 



15 datum points between the initial measurements .and the 
scan recorded. 



The scans are repeated at the samte ©tylu^s .deflection at 

* • ♦ j / i 

greater speeds until the variation in the 'xscdrded 
20 differences between the fast scan, arid "the /initial 
measurements and the slow scan and th^ -ifjit^al 
measurements exceeds a defined, toloraricey . last 
speed which falls within this, tplerancua is* the maximum 
scanning speed. A map of the. position^ errors at the 1 
25 datum ooints is stored along with! the .data! Relating to 
the scanning speed, particular artefact,* particular CMM 
#: and probe and stylus configuration etq. OJt possible 
^to interpolate from this map to obtain! -radial terrors at 
angles in between the radial directions 3t which actual 
30 data was obtained (i.e. the datum; points;} . 



v 1 , 



I IM * 



'J... 

*** 



, Thq-s method has the disadvantage that the *ftep % of V 
collecting the datum points is time consuming. s\±*\ 



The present invention provides a method 'of v^e^suring an 
object on a coordinate positionxn-g ^pp^rabu^,. , 
comprising the 'following steps; in antf suitably order: 

placing the object on the' coordinate 'positioning 

; % / r 

5 apparatus ; • 1 • * • 

measuring the object with a workplace coot acting 
probe to create measurement data off ttte .'object* the 
measurement data being collected at ; multiple ; stylus 
deflections or probe forces; 1 . : 

10 for at le'ast one location' on' the .surfa-de ' of the 

object, determining a function reiatirig fcKe nieasurement 
error data to the stylus deflection 'or* probe force; 

for said at least one location >art> -t'ftei : guBface of 
the object, using the function to detqrminja 'the 
15 measurement data corresponding to zero /s^ySLus 
Reflection or zero probe force;; ; { \ ■ 

and outputting the measurement 'dat;a; v corresponding 
to zero stylus deflection or z^ro pijqbe, ftvce As the 
measurement of the object • J • • O ! • » 



20 



The term measuring includes taking measurements using 
either a scanning probe or a touch trigger .pxptbe. 

• : . ; :' 

The known stylus deflection or proke force, itia^ be a 

25 known constant deflection or forc<£ or &' khpwin frying 

deflection or force . * , ' . ') , v 

i ' * * . 

J . ■ 1 - 5 1 . ' : . ' 1 

PrefercLbly the step of measuring the object' with a 

workplace contacting probe comprises 'scanning* the 

30 object. ' \ ; , ! ' : 

♦ » * 

The function may be a linear function,. The* 1 function 
may be a parametric function. t » <' * * \ 



m 
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5 • ' 1 1 \* i . 



In one embodiment, the object is measured a^Ong a scan „*\ H . 
path and measurement data is collected . at ^multiple 

stylus deflections or probe forced £o:c a' 'section of the .': ,X 

.scan path; i * . ■ . < * • 1 ' ' . , * x v 



•to 



the function relating the measur^ru^nt dlafc^ to the 
stylus deflection or probe fprefe is detierjpiinQd fox 
locations on said section of the jscan 'path? 

and wherein for locations. <?n' 'the soan-path but not 
on said section of the scan path/ the 'f unct'iort ' relating 
10 the measurement data to the stylus def leqtiqrt ,or probe 1 ' 

force is determined from measurement • datB' .collected on . ";\,\ 

said section of the scan path. . y- \U 

The function relating the measurement .'data: -to the > * fc 

15 stylus deflection or probe force for io cations -on the / '! ;V**! 
scan path but not on said ' section- of , the. ,s'can path is 
determined from the X and Y axis component^ 'qf the 
function relating the measurement data* to the stylus 

deflection or probe force on said section of ,the scan, \ % iy y 

20 path. t % , t v , / f$ 



«* t '* . 



The object may' be measured alorig the! s.cap. path by ' .\[y t< 

scanning a surface profile for v one, f^vpaht£o;n ;at a 
constant or variable probe deflection or p'fobe ! force- 

25 Measurement data may be collected at .multiple ;stylus 
deflections or probe farces for % a* section of the scan 
path by taking additional 'measurements* on the, 'acan path 
at a different probe deflection or probe fbrpe- The 
additional measurements may be .taken bjy scanning the 

30 surface profile fox at least a*quart.er revolution. 

Alternant ively, the measurements m&y toej taXehf-by taking* 
measurements of the surface profile as! t£e» p#o # be is 
moved radially towards or away from tbp eujnface at at * * 

least' two different locations- 1 - 1 < ' 



s' 



Preferred embodiments of the invention "will -now be 
described with reference 'to the accompanying drawings 
in which : 

Fig 1 is a schematic diagram ..of an Analogue probe" 
mounted on a coordinate measuring mapliirte;. ', ' ' , 

Fio 2 is a schematic representation -qf. ^several 
different constant stylus def lecfeioi* scans 'around an 
object; • , ' ; 

Fig 3 is a graph illustrating prctae\4e£lection 
against object diameter; • 

Pig 4 is a graph illustrating probe force; against 

* i » * * ' 

probe deflection? < , ■ . : 

Fig 5 is a graph illustrating t^he .radial ; error 

. • ' f 1 

against probe deflection ( j . , \ \ ' 

Fig 6 is a schematic illustration .of ;th£ static 

correction, vectors; , : • 

> « t 

Fig 7 is a schematic reprepervt^tiori *a£. several 
different constant force , scans • arouijd <an, c^eCt; 

Figs 8-10 are schematic iliustrat^iojis, >qf ,a feature 
being deflected under measurement' force;.* ' ' ; / , 

Fig 11 illustrates the real ddametep; .vand jthe 

measured diameter of a feature • hayirig %otf stiffness? 

Fig 12 is a schematic illtisttatjiqn/of , ; the dynamic 
, ■ • f , , 

correction vectors^ u t .•.%.»• 

Fig 13 illustrates the scan profiles tiering the 

method of a second embodiment pf the ' inv^n£i*Jn; 

Fig 14 shows a portion of the $caji profiles of Fig 

13; ' . \ 1 I 

Fig 15 illustrates a workpiece beings measured 

according to a third embodiment: of the 'invention; 

Fig- .16 is a schematic representation *o£ 'a scan 

with a sinusoidally varying stylus' deflection -ground an 

object; • # - * ' 

Fier 17 is a schematic representation tff. ,a scan 
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• y > ■ 

• . . • . •• •} v 

, i ;.» A 

» * » . V. * s 

with a single sinusoidally varying s/tylus- 'deflection % >?V< » 

around- an object; -\ '* 

Fig 18 illustrates a. section ,pf the Veen - profile . 

of Fig 11 j , * ,1 * . \C\J 



Fig 22 illustrates a sc^n* profile in which a bore 
is scanned a » complete revolution and • thein raidiqLlly at 
two locations; and . 
15 Fig 23 is a graph illustrating 'a jtadiai ! •' 



J 



Fig 19 illustrates a graph* of a f.unctdort -relating 
part measurement R and" probe force F; - 

Fig 20 illustrates a bore, being scanned ,u$ing the 
scan profile shown in either of* figs 21 or 2-2/ ' % *r?M 

fig 21 illustrates a scan profile ipi whxcfc a bore 
is scanned a complete resolution and a ^q^a^te^ . \.^]\ 

revolution; ■ * */ 1 1 



'4i 



-Hi 



measurement used in the scan profile of, Fig £2: 



In a fir$t step of the invention, • ^ me-asur^ent force 
error map is . generated for an object* : 'This achieved 
20 by mounting an analogue probe 10 on ;the qui^ri '12 of a 
coordinate measuring machine (CMM) (not ©how**)' as 

* ; ' 

illustrated in Fig 1. The analogue 'prupbe 10' has a 
deflectable stylus 14 with a workpiece' contacting tip 
16, The object 18 to be measured' is jtfcfuntjact on the CMM »'*■: ?• 

25 machine table 20 and the probe * 10 is driven slowly by 

the machine quill 12 in a path'arpund £he pbj'eqt, The 1 
object 18 is first scanned along a' path at a first 
constant probe def lection, for example 1 300pm.' § 'The 
object is then scanned along this. path ajt pri& or more V* 

30 different subsequent probe deflections;-* Fop W^ample, 
the part may be scaitned a second t>iicfe with, -a- probe 
deflection of 200pm and a third time with p. R^obe 
de'flection of lOOym; - Fig 2 shows a ^repx^sfepitation of 
the object 18 and the measuremeni;^ ©bt^iiie'd- fr;Qm the 



y ..v. 



t. ii 



first 22, second 24 and third 26 scans" axourid .it . Each 
point on the object 18 will thus have ^tapetf ^different 
measurements A,B,C, resulting from- the -thr-fee .different 
scans at different probe deflections 1 / Fo> ejach point 
on the object, the measurements may be -extrapolated 
back to calculate the measurement., whicft wauld have been 
taken if the probe deflection was- zero. ■ F^g 3 • shows a 
graph of the probe deflection against '•cjb^e.bt diameter. 
The actual object diameter is shown 'at zero probe 
deflection. The step of extrapolating to" £erd probe 
deflection allows the measurements at .zejro, probe 
deflection to be determined without the erijo're ,of 
actual measurement, caused by probing fepp* errors. A 
passive probe is suitable for use.' in this method, such 
a probe may comprise a stylus def leciable against 
springs . ' * : ' '.' '. \ ' \ 

t; < ;' \\\' '•;* 

This information, enables.' a measurement ,'fb.rqe 'error map 
' of the part to be produced. If the 'scans, p"£ the part 
were taken at a slow speed, this results ! ih negligible 
dynamic errors due to very low accelerations-, of the 
probe and machine - , I ! < • - \ • 

Pig 4 shows the relationship of probe f prbte- against 
probe deflection. The probe atfta ( Wi£hln*. HCxriCjs, law 
such that when there is zero, probe fmrcb, there is zero 
probe deflection. , 

Pig 5 illustrates the relationship- 0.? 'radial; error 
against probe deflection. -Points' A, B and' C relate to 
the radial error .at probe deflection .ipOjam', 20/Ouro and 
300um respectively. By using these points:- to, , ' . 
extrapolate to zero probe deflection,, zero, radi'al errox 
is achieved. Once the function relating' pirobe* 
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15 Fig 6 shows the error corrections/ for points' on the 
scan* Each point on the scan hasfa 'ditffferepfc .radial 
correction 38 which is applied ;for< a certalii stylus 
deflection. If a subsequent object is* scanned at a 
stylus deflection of 300vun 36/ 'the mea&ufceiaenrt: force 

20 error function or map may be used. to correct the 

measured dimensions 36 taken at this sfcyljap, de;flectio*i 

to the actual part dimensions 34 corresponding, -to the 

* , * * 

part being scanned at a deflection, o,f p>ira.. 



> 



AW 



deflection and radial error has been determined, a . 

1 



subsequent measurement taken at any,prob,a* deflection, 
for example point P, may be corrected 'to : ,z'ero radial 
error using this function. As thefce is,^, linear '«.■£*.* 
relationship between probe deflection anld radial error r 
the function for correcting measurement s* at a 'given 
probe deflection is also linear. \ ;» • 



Alternatively the measurement f ore*e error may be in the " •'• ;\ } 
10 form of an error map* This co^ld^ be in [the form of a 
look-up table, with different error ? corrections for 
different stylus, deflections. The error Wp could be , *r\\ 

in the form gf a polynomial functipii^ lf * , • . ' 



' » • V 



1 1 



25 This method is not limited to each sdan having; :a 

constant deflection, as long as .points' oh' the' qbject X 
surface have measurement data corresponding to, 
different stylus deflections to enable, the' measurement 
data to be extrapolated to zero. * For enamplfeV,. 'Fig 16 

30 illustrates a first scan profile 60 .around^aii bbject 18 _ 
taken at constant deflection and 4 second: scarb prof ile - . v ■£ 

62 taken, using a sinusoidally varying deflection, V"^£$ 
Points P1,P2,P3 on the. object Surface thfts" each have 
two measurements taken at different probe deflections. . ( 

• :'».'••. '.«: M*fc 

•1 » ' • » »* 

: : ,* 1 ' 




the change can be assumed to be lin'ea'r . ; , y 



t 



t 



10 ! . v'-V,- 

This measurement data may be extrapolated* to ?ero as :rt 

previously described. v , ,% i ; < - v * r*'Xr 

''* •'• : 

It is also possible to collect sufficient .measurement .v. ;',/»;* 



5 data during a single varying scan profile r - Fig'l? 
illustrates a single scan, profile .70 around v an .object 
18, the scan profile 70 being taken using' a ' \rl\?' , , r 

sinusoidaily varying stylus deflection- Fig 18..' ' J 
illustrates a section of the scan profiie 70* Over a '> 

10 small angle 72, scan profile 70 contains many ; data "J/'-V 
points taken at different stylus deflections:;' Assuming \ 
changes in the surface are small ojfer *a^e '72 «{eg part 
deflection and uniformity of surface)., th£se'data 
points taken at different stylus deflections .over' angle V 

15 72 may be used for the extrapolation tO;.zerd ' ; > 
. calculation. This is also possible, if tfcere;is'a ■ 
change in the surface profile o*er* jariglA : 7%? as ; long as 



20 Alternatively, instead of scanning thte object -several * V 



7* 



times at different probe deflections, -it' ma^ 14* scanned f : 
several times with the probe having a different' ; 
constant force for each, scan % For example , % 'the object . 1 ."Vy 

may be first scanned with a constant foice between the . % /\) 

25 stylus and the object of 0.3tf, The. object may ;then be 

scanned a second time with a constant ; for<?e p5 ,Q t .%l& and ^ ./ „ « 

a third time with a constant force, of O-pt. . E^aoh. of . 
these scans may have the same or different stilus « . \\ 
deflections. Pig 7 shows a representation' cpij ,the . % 

30 object IB wdth an actual part dimension 34'a^nd the !-.- v ; . 
measured jdimensions obtained from t^e fiyst '287 second r f. 
30 and third 32 scans at different. con<stanrti .orobe t 
forces * ' x t > ' « ' . * ; 




10 



30 
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As before, for a point on the surf ace \of the object, . 
there are three sets of data relating -to 't;he ( scans at "f , : \' : V 

different probe forces. This data may be .extrapolated '/'•;(.;«:,;■ 
back to enable the point which would" be 'measured with 
zero force between the stylus and worKpi^qe, '(i.e. the 
actual part dimensions) to be determined. 'As described 
previously, an error function or map may be greated 
relating measurements taken at a given Ejrobe* force to 
the correct measurements for a- given* £oint determined 
for isexo probe farce by the, exteapoiaiU^g "to sero 
technique- Subsequent measurements ! at* d i'giyen probe 
force may be corrected for measurement ;£ of ce errors 
using this measurement error f unction 1 or .map * 



'•V r 



* V ' 1 



15 As with the previous' method,, su,£ £i,cie^t ;<3^t4 i?vay be , AY 

collected from a single scan of , varying probe force (eg 
having a sinusoidal profile) to cto the extrapolate to 

■ « » ' • 

zero calculation* , ■ • »• »• 



20 This method is suitable for usfe in an laqtive scanning \< :V; ' 1 



probe, in which a'motorieed meth^hism !ia '<ised 'to 
control and modulate' the contact force With .the 

component to be measured- • * . • ■ ^ 



V* I, 



■ . . ; ; . OS 

25 The object may comprise a p£rfc .aperies of parts to • '..vj:^, 

be measured. In this case a measurement fiorce' error * } . 

map of this part is produced by, this, method : i*.^. 

Alternatively, the object may pbmprise Efn .artefact y ' 

having features corresponding to the' feature % ? on the \ \ ,\ 

parts to be siibsequently measured- These features may , ; ^ 

be, for example^ spheres r ring gauges/ plug *g4uges etc, ^''j'J'jJ 

Use of the artefact allows geometric errors in t addition - : V' ^ 
to the probing force measurement errors/ to be 
determined- Geometric errors are errors. «af -the machine 



^ * 1 
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and probe, for example non-linearity of the machine - >% 
scales or the machine axes not being- straight . As the 
forms <?f the features on the artefact ;ar;€? *fenows, they 
may be used to correct for geometric aerpor^ ;d£ the . ^i* 1 

machine and probe. This may be, done 'by compearing the 
extrapolated to zero data of the artefact with [ the 
known form, of the artefact and^prpduci]ng -a: -gadmetric 
error map to correct subsequent parts >*i!th\ t - V-'H, 



thus without the requirement to first calculate an 



*0 4 



This method may also be used to directly,* ^fe^uxs a 
10, paxt, without first creating an erxor taa£.: t 4 

As previously described, a fir^t mbasu'remejit; Ri of the 
part is obtained at a first pr<t>be« dqf lection, ,ot probe 

* * ***** 

force Fi and a second measurement Rz of; tfc^ part is . * • v/i 

obtained at. a second probe deflection 'or' pWbe ! force 
15 F 2 . - This may be repeated for subsequent ^measurements R n 
at different probe deflection's * or, pi&b£* tojtties F a . 

A function relating measurement data, of, "thf* part to the 

v ' »»...'_ 



, * vi.Y;.'< 



probe deflection or probe force is determine*! ,from the ! 



measurements Rx,R2 of the part, and corresponding probe 
deflections or probe forces F lf .F 3 ,. This )£ unction may 1 .* 



be a linear or higher order curve, (e*g;. a, piajT^fctric ' '^v? 

curve) . The function is used to extrapolate? the 
measurement data to provide th6 measur^p'nfc daita Ro of 
the part relating to zero probe fortfe 3b*o - , : JKowtever in 
25 this embodiment, the measurement, data ko ' c<2>r£esponding ' '.'} 

to zero probe force is calculated 4 "on the £iy% s ^nd 



1 V- - 



' »^ 

error map of the part. • % ' » r * . ^^^J 

30 ' Fig 19 illustrates a linear function relating* gart : -f 7 ^ 

measurement R and probe force F determined ^oip the--. ' V ff:i 

measurement data R;,R 2 and the eorrespqijdiryg } ??&be '.' 

force Fi and Fa, In this case, >,Ro is, determihe'd by the */':^;$$ 

» : * . 

* • /». 



A * 
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25 



30 



equation: 



13" " 



(Ri-RQJBV 



< ■ 



P. 15 

- . ** < 
'. & 
s '. -i 

i f " 
' ' \ . *«• 



As described previously, at, least one of 'the gets of 
measurement data may be obtained during 'a <,scan. with 
non-constant probe deflection or probe fq^ce, 'for 
example a sinusoidal scan. Alternatively a jingle 
scan of the part with varying probe, def ILeqt^oA or probe 
force may enable sufficient data to ,be collected for 
the "on the fly" extrapolation calculation. 

It is not a requirement to have two. comp'lete scans of 
the feature to be measured. For example, ;Tig 20 
illustrates a bore 80 which is be;Lng scanned by a R^robe 
82. Fig 21 shows the scan profile; of ,'th'e which 
is measured a first time '84 at a first <prob3 deflection 
or* force for a complete revolution The ^dre-is then 
scanned a second time 86 at a second p^ob'e !def lection 
or force for a -quarter revolutipnV The* first '84 and 
second 86 scans may be at constant or -'vairi-atile probe 
deflection or probe force-, As* in* preyi aus .embodiments, 
the data from the first and sepond % scans -are" i^sed to 

* » » 

determine the surface measurement at poifcts, 'on ; the bore 
surface at zero probs for.ce by^ext^apdlation -to z 6ro - 
The data from the quarter scan 86 his sufficient 
information about the errors along the X' .an'tf 'X aKes 
that scan data m^y be corrected aroijn^ the; whoie 
circumference of the bore using this data.* * I , . 

The quarter scan may be replaced by *two r»adial sets of 

measurements. For example Fig i22 • illust'orate.s a scan 

profile of the bore in Fig 20 in whicsh tfte bore is 
* , * i • • # 



* *i 

v 



1 I j \u* 

■ 

- vie 

• *■ "i ; * , 

• Mr* 

• V* 



AW 



r • 
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2 * • • .• • . •• -vft 

scanned a first time 8 4 as before--.. InstWad .of , the ^Y'-k 
second quarter scan, the probe, is-- brought; radially 
towards and away from the s.urface of a bo're -at a first 
position BB, whilst taking surface mea;Sur.eme;nts at 
5 different probe deflections or. probe forceps: '.Fig 23 is 
a graph illustrating probe def lecti6n -against surface 
measurement for measurements taken at -a point .-on the 
bore surface as the probe is moved radiaji:^ -towards the 
bore surface. This is repeated at; a second position 90 , 

10 on the bore surface, spaced angularly -from .fhe first. 
Preferably the' radial measurements are ■ 9U .apart for 
ease of extracting the corrections along .the -X and Y 
axes, however the radial measurements niay be .spaced at 
different angles. As before, extrapolation "to zero at O.V£ 

15 the two radial positions enables a true me;a»uiement 
relating; it o zero probe force to be d^kermined ; at *two 
positions. Thus the error corrections 'relating to X 
and Y may be determined and hence itiQa^lremerxts may be 
corrected across "the whole bore. 



•>.«•'' v'l 



S-'V , 



I * • v' 



This method is adequate when the w^alls, of r ttie \ feature t 
being measured are sufficient thick so' thafc *there is no 
significant local part deflection, whi'oh', would affect 
'the correction at local areas of the bore., > % < * * ;! y. 



This method has the advantage that the 'e^cror^ due to . % jf> 

probing force measurement errors and geometric 'errors ■ Jjp.* 

can be separated. This would not- be 1 the ^a'se if, for .^'- ? !? 

■example, measurement data from k stan with' f 3joqpm 'J'. f « c,, ,:« 

- * * * * 

30 deflection is compared with, the knpvm x fc^m : of the \ /,'}•-* 

* « * * * * * *** ** 

artefact. In this, case the probing fcrrc'e measurement % v 

error and geometric error would be coined into one . 

correction and* it would not be.poSsibX^ td'sqp^rate 



them. • • \ 
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This method of correcting for separate* measurement 
fcrce errors and geometric errors -has the • ax-lv&ntage 
that it takes into account the er*ops i due ■ t& deflection 
of the object being measured. Ob'jepts; With 
5 stiffness and/or thin iwalls may deflect, with' the 
probing force whilst being measured:'. • *; 

• Fig 8 illustrates a feature 50 to '.be measured- yhich has 
low stiffness. When the feature .is contacted' with a 

10 probe 10, as shown in Figs 9 and '10, the. feature 

deflects away from the probe. This' d^flectiph- of the 
feature caused its diameter measured^ at force F to . 
appear' emallar than its actual diameter,. -Fig' 11 
illustrates the actual diameter §2 pf .the { feature and 

15 the measured diameter 54 using a : prpbe force fc\ 

Similarly, the inner diameter of a ring 'w^uld appear 
larger t-han its actual, diameter- for. the . feame , reason. 
At zero probe deflection or zero ! probe foi;ce. there will 
be zero deflection of the feature. Tbus.the 

20 measurement force error function or' map * created by the 
method Of this invention takes account of :thes,e errors 
by this extrapolating to zero Wtep / * ■ 

In a second step of the invention/ the* dynamic; errors 
of the system are detexmined. ' Dynamic errors, may be 
2S caused, for example, by machine benciiAg 'due , to 

acceleration. Once the measurement force ( ^±tot* function 

or map has been produced as derscribfed, a^ove/ . the object 

r fit* 

is scanned at a high speed. The Jhigh spSed-scan is 
carried out at either constant' probe' deflection or 
30 constant force, as above. In addition, > the high speed . 
scan is preferably performed at a constant; * speed. The 
measurement data from this fast sican is .compared with 
the measurement force .error corrected | slow scan 
relating to the actual dimensions of the object, 
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10 to the deflection or force. Howler, it ,ds ' desirable to 
use a similar fast speed for the subsequent 'scans. 



correction vectors 44 illustrated: in Eig i£. 



produced as described in the first step > of ;the 
invention* A dynamic error function or ;m^p Im^y be 
produced by comparing the fast scan;* jsixid -t:h£ measurement 
etror corrected slow scan. This dynamic error, map is 
used to correct subsequent scans taken . at .a **f ast speed. 

1 "-"A 

The subsequent scans do, not need to have, *t:h<& s^me k .W,]*] 

stylus deflection or probe forbfe as 1 the 'Original fast ■ < "'H' 

scans as the dynamic error function, 1 tdlates 'the error ; *to 

t i K «}• 

■i '»«JV>.'* 

' , . * .• * '>••*'<» 

Fig 12 illustrates the measurements taken ; diiring the 
fast scan 40 and the actual dimension *42 o£ 'the object 
15 created by measurement force etror corr^ctiiig the slow 
=Sf5 < scan as previously described. •'!'': 

• ■ ' . »• ' ' \ • > ' * " '^"'^ 

The dynamic error map has been, combined With ,the 1 "„ .«> ":jg\ 

• . measurement force error map or .function <to create a , ' ., ^ 

20 total feature map- This is done by ' ad'di,ng .the • • 
measurement force error correction vfect-o'rs, *3& ,'arovnd 

the part . illustrated in Fig 6 With the 'dj^omiq error v-^V^ 

correction vectors around the part to 'dre'ate % .combined ^^U^Vi 



1 -* 



This method has the advantage that As phe measurement ' 

errors are determined by scanning the object -at 'Vrg 

different probe deflections or different' forces, the ^'"Vv* 

measurement errors are known for every ppirit* o,n the .O'it^T 1 

30 surface of the object, Thus no interpolation 1 %s - ' ^'.vS 

required. ? • ; , ; iWw 

1 ' 1 I. 

• 

In a second embodiment of the invention, ' the ! ■ ' . . : ""/'.T^i 

measurement force errors and the dyria^ni-c* errors may be V.'-Vi 
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17 • ' , c,^ 1 

.determined in combination. Sufch a methqc} ;will now be 
described with reference to Pigs '13, and /1 41,. 



10 



IS Fig 14 shows a portion of the SI, pp. arid 'f?2- 'scaa 

profiles around the object. Fl ahd FZ arfe'^prdf iles .£ or 
scans of the same fast speed (100nun/s)l 'b-u'-tl .different 
deflections (lOOum and 200um respectively)..: . 3y 
extrapolating to zero deflection, the *prpf il-e of the 

20 object for a high speed (lOOmm/s ) \ soar* "with zero 



deflection can be determined. 
HSZD on Fig 14 - The error due 

scan may thus be determined* , This deflefcVipji error is 
shown as ei, on Fig 14. 



Thi's ^rofalja >is • shown as 
to 'flefl^cjtib^ of the F2 



The LSZp is now used as a base 
the LSZD baseline and the F2 scan is now determined. 



In a first step, an object is scanned a:t a >slov speed 
for example 10mm/ a with a -first- dkf leoti^iy q± example 
200ym. Pig; 13 shows the profile pf the ;sl!dW. £can Si. 
The object is then scanned along kh& ^am^ path at a <v*V 
fast speed, for example 100mm'/s aWd afe a 1 - second 
deflection, for example 100pm. - Fi.g'13 stiows -£he 
profile of the fast scan Fl. The oBjelcfc is, >then 
scanned along the same path at,th<a ±$sijt 'spe^d lOOmm/s 
and at the first deflection' aoOymV Pig 13 shows the 
profile of the fa^st scan F2. , <• 1 * 



<; as 



"J 



25 • * : ' . , j'-V'^i 



As scans 31 and F2 w.ere carried opt ^withl the s^nte probe t ;^; v 
'deflection {200^}/ the deflection* error. e x > » may be \'\ V V 
applied to the profile of scanlsi'to £in'd the 'prof ile 

corresponding to a scan at low speed} 1 with sre'rd . :\-- % ? 

30 deflection. This profile is shovra. as LS^D -on Fig 14 • A .; 
and corresponds to the surface of ,th€s obj^t- 



linie^ ^Th)& .error between J \ t 



- 1 . l f / 




stored as -a correction map or function* ; . 

r * 

t 

Subsequent objects may now be measured a,fc a ^pead and 
deflection corresponding to scan F2 and cqrreated using 
the correction wap or function- , % , ? % * 



which enables comparison with any stylus 
deflect ion /probe force at the slow speed. 



i • * \ » * i * 1 * * 

4 I I • t 1 



This is labelled e 2 on fig 14, The lerrobsrez may be ■ ^v!*$ 

I' 



it ***** 



- fcS-Nv, 



This method may be used with a f orce-meajs^i'ng ' probe 
rather than a deflection-measuring probe- In *thie 

10 case, scans SI and F2 are carried out ; a't;* a ; first probe 

force and scan Fl is carried out kt 'a 'second probe ..... 
force- The two fast scans must then] be ex£rapblated to 
zero force to determine the high speed Wri? 'force 
profile and thus the error due to fqirce *5f % tShe'F2 scan , r K 

.15 may be determined. t \ % j ' /v, 

■-• ' . J ' i \i - * ■ '^hA*/ 
The measurements of the object , during »the -Bl> KL and F2 

{ * # * » ' ,v "' 4 

scans may 'be determined by using either k -Scanning " ^r/li 

»» 



probe or a touch trigger prohe* A touch /trigger probe 
20 may be electronically loaded s6 that its triggers at a 
certain force. Thus during the SI and -scans the 

probe is loaded to trigger at a fir^t ;fo-rcfe ;and during '\"\? A M 

. th^ PI sc^n the pxrgbe is loadecl to triggfe.r^a.t 'a second V^iWf? 

force, enabling the two fast scan's' 1 6 Wx.tjfa'pp'Xits to ' 

25 zero force, . , - /^.W.f* 

It is not necessary for the alow bean <S! ,tys Tii^re the N'^V*! 

same stylus deflection or probe force 'as t*.e 'fast scan / /.>V<? 

Fl. This is because the relationship 'batwe^ii stylus 4 • 



30 deflect ion /probe force and measurement error £s # ^.'v^ 

determined at the fast speed f rom, kearts ?1 '.an.d F2, 



, * ' 
« 
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A third embodiment of the invention will now be 

described with reference to Fig 15,, A stylus' 10 of a 

probe is driven into contact with .a' sUrf^ce^pf", an 

object IB along a path 4 6 in a direction normal to the 

, i' » i i * » ** 
5 object's surface until a predetermined' stylus force has 

been reached. This step is repeated &long the. same 

- path for a plurality of different predeteaLmine>d stylus 

forces. The measurement data along, this path is used 

to extrapolate back to enable the point -.which, .would be 

10 measured with zero forces between the 'styjtfis * £nd 

workpiece to be determined- TJiis is tke iijoitiinal object 

meas'arement . 

i i i 

This process is repeated for a selection * of Saturn 
15 points around the surface of .the object/ ,T&e data from 
each , of these datum points is used J:a'; create error * 
in&p as previously described to car rectT subsequent 
measurements. Measurements of. the surface of, the 
object between the datum poiftts are perfected^ by 
20 interpolating the error map between, the 'datum. points . 
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